MANY CELL TYPES ARE SENSITIVE to mechanical forces and modulate their phenotype and function in response to changes in their local mechanical environment (26, 50) . Airway smooth muscle is subjected to large changes in mechanical forces that modulate airway smooth muscle function under physiological conditions (21, 23, 45, 46, 56) . Pathophysiological conditions such as airway inflammation and asthma may cause local changes in mechanical forces on airway cells that modulate signaling pathways that regulate the contractility, differentiation, proliferation, or secretory status of airway muscle cells and tissues (9, 50, 56) . These mechanical stresses may occur locally due to many possible factors: e.g., local inflammation that results in edema, constriction of some airways that exert tension on surrounding airways, ventilation inhomogeneities, disruption of matrix structure, airway remodeling, or alterations in surface tension. The imposition of positive end-expiratory pressure or changes in breathing pattern that alter functional residual capacity can result in more global changes in loads on the airways. However, the mechanisms by which mechanical signals are sensed and transduced to regulate airway smooth muscle cell function remain to be elucidated.
Integrin receptors have been implicated as mediators of mechanotransduction and are important in regulating both smooth and skeletal muscle differentiation (6, 26, 33, 43, 69) . Integrins interact with the actin cytoskeleton via macromolecular protein complexes that bind to the cytoplasmic domains of integrin proteins and to actin cytoskeletal filaments. Integrinlinked kinase (ILK), a multidomain protein that binds directly to the cytoplasmic domain of ␤ 1 -integrins, serves as a scaffolding protein that links integrin proteins and the actin cytoskeleton (17) . ILK forms a heterotrimeric complex with PINCH (Particularly interesting new cysteine-histidine rich protein), an adaptor protein that consists of 5 LIM domains, and ␣-parvin, also known as actopaxin (4, 57, 67, 72) . The ILK/PINCH/␣-parvin (IPP) complex is an important constituent of ␤ 1 -and ␤ 3 -containing adhesion sites and is known to play a central role in regulating multiple cellular processes (4, 32) . ILK has also been characterized as a serine-threonine kinase, although its kinase activity has been questioned (63) . However, ILK is an effector for the phosphatidylinositol-3,4,5 triphosphate kinase-dependent (PI3-kinase-dependent), extracellular matrix-mediated activation of PKB/Akt (10, 39) .
ILK and the IPP complex are important regulators of airway smooth muscle phenotype and contractility (68, 71) . The localization of the IPP complex to integrin adhesion junctions is critical for normal airway smooth muscle contractility (71) . The depletion of ILK protein from airway smooth muscle tissues decreases the activation of Akt and increases the transcription and expression of smooth muscle phenotype-specific marker proteins (68) . In airway smooth muscle tissues, Akt activation inhibits activity of the transcriptional regulator, serum response factor (SRF), and thereby suppresses the expression of smooth muscle-specific marker proteins (68) .
In the present study, we investigated the role of ILK and the IPP complex in transducing mechanical stimuli to signaling pathways that regulate the expression of smooth muscle phenotype-specific protein, smooth muscle myosin heavy chain (SmMHC), in airway smooth muscle tissues. We also evaluated the effects of IL-13, a key cytokine associated with airway inflammation and the pathogenesis of asthma (18, 59, 65, 66) on the mechanosensitive expression of SmMHC in airway smooth muscle.
Our findings demonstrate that the expression of SmMHC increases in airway smooth muscle tissues in response to chronic mechanical loading. Furthermore, we find that the activation of Akt is inversely regulated in response to mechanical load: the imposition of mechanical load on airway smooth muscle suppresses the activation of Akt and induces the expression of the smooth muscle phenotype-specific marker protein, SmMHC. Our results indicate that the localization of the IPP complex to integrin adhesion sites is critical for the transduction of mechanical signals to downstream pathways that regulate load-sensitive changes in airway smooth muscle protein expression and Akt activity, which suggests that integrin proteins are the primary sensors for mechanical signals. Our results demonstrate that IL-13 stimulates the activation of Akt and suppresses the expression of SmMHC and thus opposes the effects of high mechanical loads. These results suggest that mechanical loading is important in maintaining the differentiated state of airway smooth muscle and that inflammation may suppress the effects of load-sensitive signals that regulate the expression of smooth muscle phenotype-specific contractile proteins.
MATERIALS AND METHODS

Preparation of smooth muscle tissues. Mongrel dogs (30 -35 kg)
were anesthetized with pentobarbital sodium (30 mg/kg, intravenously) and euthanized in accordance with procedures approved by the Institutional Animal Care and Use Committee, Indiana University School of Medicine. A segment of the trachea was immediately removed and immersed in physiological saline solution (PSS) (composition in mM: 110 NaCl, 3.4 KCl, 2.4 CaCl 2, 0.8 MgSO4, 25.8 NaHCO3, 1.2 KH2PO4, and 5.6 glucose). Smooth muscle strips (1.0 ϫ 0.2-0.5 ϫ 15 mm) were dissected free of connective and epithelial tissues. For the measurement of contractile force, muscle tissues were attached to force transducers and maintained within a tissue bath in PSS at 37°C. Muscle length was then progressively increased and the muscle was subjected to repeated contractions until the force of active contraction in response to acetylcholine reached a maximum.
Protocol for mechanical loading of tissues. Following the initial equilibration procedure, weights were suspended from the ends of the tissue strips to stress the tissues with low load (0.5 g) or high load (1.0 g). The 1-g load resulted in a level of strain that results in maximal force generation, and the 0.5-g load causes stretches of the muscle to ϳ50 -60% of its length of maximal active force and generally results in submaximal levels of isometric force. These loads are within the range normally experienced by airway smooth muscle during breathing under physiological conditions in vivo (20, 22) . Strips were incubated in serum-free DMEM for 6 h at 37°C. In some experiments, inhibitors of Akt (50 M Akt inhibitor VIII in DMSO), inhibitors of PI3-kinase (50 M LY294002 in DMSO), and/or canine IL-13 (50 ng/ml) were added to the DMEM for the duration of the 6-h incubation period. In preliminary experiments, a dose-response curve was performed to test the effects of IL-13 on STAT6 activation in these tissues. A 50 ng/ml concentration was required to achieve consistently elevated STAT6 activation in response to exposure to IL-13. A 50 ng/ml concentration is consistent with that used to stimulate airway smooth muscle by a number of other laboratories (11, 30, 31, 35) . Because of limitations posed by diffusion in intact tissues, it is often necessary to use higher concentrations of reagents than for cultured cells.
Control muscles in experiments using Akt or PI3-kinase inhibitors were incubated in serum-free DMEM containing serum-free in 0.1% DMSO. Some tissues were transfected with plasmids and incubated for 2 days for the expression of recombinant proteins prior to mechanical loading. At the completion of the 6-h incubation period, tissues were quickly frozen using liquid N 2-cooled tongs and pulverized under liquid N 2 for biochemical analysis of tissue extracts.
Transfection of smooth muscle tissues and expression of recombinant proteins. Plasmids encoding the PINCH LIM 1-2 domain (73), ILK S343A (29) , and mouse kinase-inactive Akt [HA(Hemagglutinin)-Akt1-AAA] (point mutations to substitute K179, T308, and S473 to alanine) (3, 14) were used in this study. The DNA encoding the mutant forms of human PINCH and ILK were cloned into the pEGFP-C2 expression vector whereas the DNA encoding the HAtagged kinase-inactive Akt was cloned into the pcDNA3.1 expression vector.
Plasmids were introduced into tracheal smooth muscle strips by the method of reversible permeabilization (38, 53, 68, 71) . After tissue equilibration and establishment of a muscle length for the generation of maximal isometric force, muscle strips were attached to metal mounts to maintain their length and incubated successively in each of the following solutions: Solution 1 (4°C for 120 min) containing (in mM) 10 EGTA, 5 Na 2ATP, 120 KCl, 2 MgCl2, and 20 TES; solution 2 (4°C overnight) containing (in mM) 0.1 EGTA, 5 Na2ATP, 120 KCl, 2 MgCl2, 20 TES, and 10 g/ml plasmids; solution 3 (4°C for 30 min) containing (in mM) 0.1 EGTA, 5 Na2ATP, 120 KCl, 10 MgCl2, 20 TES; and solution 4 (22°C for 60 min) containing (in mM) 110 NaCl, 3.4 KCl, 0.8 MgSO4, 25.8 NaHCO3, 1.2 KH2PO4, and 5.6 dextrose. Solutions 1-3 were maintained at pH 7.1 and aerated with 100% O2. Solution 4 was maintained at pH 7.4 and aerated with 95% O2-5% CO2. After 30 min in solution 4, CaCl2 was added gradually to reach a final concentration of 2.4 mM. The strips were then incubated in a CO2 incubator at 37°C for 2 days in serum-free DMEM medium containing 5 mM Na2ATP, 100 units/ml penicillin, 100 g/ml streptomycin, and 20 g/ml plasmids. Sham-treated tissues were studied in parallel in all protocols and were subjected to identical protocols except that plasmids were omitted from the solutions during the reversible permeabilization procedures. After 2 days, the muscle tissues were placed in PSS at 37°C in a 25-ml organ bath and attached to a Grass force transducer for measurement of contractile force. Tissues were then subjected to mechanical loading as described above.
Protein extraction and analysis by immunoblot. Pulverized muscle tissues were mixed with extraction buffer containing 2% Triton X-100, 2 mM EDTA, pH 8.3, 20 mM Tris·HCl, pH 7.6, 0.4% SDS, phosphatase inhibitors (in mM: 2 sodium orthovanadate, 2 molybdate, and 2 sodium pyrophosphate), and protease inhibitors (in mM: 2 benzamidine, 0.5 aprotinin, and 1 PMSF). Each sample was centrifuged for the collection of supernatant and boiled in 4ϫ Laemmli sample buffer. Proteins were separated by 7 or 8% SDS-PAGE, transferred to nitrocellulose membranes, and immunoprobed for proteins of interest with specific primary antibodies at 4°C overnight followed by secondary antibodies for 1 h at room temperature. Proteins were visualized by enhanced chemiluminescence and quantified by scanning densitometry.
Reagents and antibodies. Sources of antibodies were as follows: mouse ␣-actinin (clone BM-75.2) and mouse SmMHC (clone hSM-V), Sigma Chemical; polyclonal phospho-Akt (Ser 473, clone 14 -6), Invitrogen; polyclonal Akt, Cell Signaling; polyclonal EGFP, Abcam; monoclonal HA (clone 12CA5) conjugated with peroxidase, Roche. Secondary monoclonal and polyclonal antibodies were from Amersham.
Sources of other reagents were as follows: Recombinant canine IL-13, R&D Systems; LY294002, Cell Signaling; Akt inhibitor VIII (Isozyme-Selective, Akt-1/2), Calbiochem; DMEM and antibiotics, Invitrogen. All other reagents used for preparation of tissue extraction buffer were from Sigma whereas reagents used for preparation of PSS were from Fisher Scientific.
Statistical analysis. Data are expressed as means Ϯ SE; n represents the number of experiments. Differences between treatment groups were determined by using GraphPad software and two-way repeated-measures ANOVA with Bonferroni's posttest. Differences were considered statistically significant when P Ͻ 0.05.
RESULTS
SmMHC expression and Akt activation are inversely modulated by mechanical stress in tracheal smooth muscle tissues.
The effects of mechanical stress on the expression of SmMHC and the activation of Akt were evaluated by subjecting tracheal muscle tissues to low (0.5 g) or high loads (1 g) for 6 h (Fig. 1) . Following mechanical loading, the expression of SmMHC and the phosphorylation of Akt on Ser 473, an indicator of its activation, were analyzed in extracts from each muscle tissue. Expression of SmMHC protein was significantly higher and Akt phosphorylation on Ser 473 was significantly lower in muscles subjected to a high load relative to muscles subjected to low load after 6-h incubation. These data indicate that chronic mechanical stress inhibits Akt activation and induces the expression of SmMHC protein in intact tracheal smooth muscle tissues. Akt and PI3-kinase regulate changes in the expression of SmMHC induced by chronic mechanical loading. The roles of Akt and PI3-kinase in the mechanosensitive regulation of SmMHC expression were evaluated by treating the tissues with either Akt inhibitor VIII (Fig. 1) or the PI3-kinase inhibitor LY294002 (Fig. 2) for 6 h while they were subjected to a high load or low load. Akt inhibitor depressed the activation of Akt in muscles subjected to low loads to the level observed in muscles subjected to high loads and eliminated the loaddependent differences in SmMHC expression (Fig. 1) . Treatment of the muscles with PI3-kinase inhibitor completely suppressed Akt activity and increased SmMHC expression in muscles incubated under low load to the level found in muscle incubated with a high load (Fig. 2) . These observations suggest that PI3-kinase and Akt are critical mediators of mechanosensitive signals that regulate the expression of SmMHC protein in airway smooth muscle tissues.
Mechanosensitive SmMHC expression and Akt activity are mediated by the IPP complex and require ILK activation. A truncated PINCH molecule containing only the first two LIM domains (EGFP-PINCH LIM1-2) was expressed in tracheal tissue strips to evaluate the role of the heterotrimeric IPP complex containing ILK, PINCH, and ␣-parvin complex in the transduction of mechanical signals that regulate Akt activity and SmMHC protein expression. The IPP complex is recruited to membrane adhesion complexes in airway smooth muscle, where ILK binds to the cytoplasmic domains of ␤-integrin proteins (68) . ILK binds to the NH 2 -terminal LIM1 domain of PINCH (73) . EGFP-PINCH LIM1-2 competes with endogenous PINCH for binding to ILK and thereby disrupts the binding of ILK to PINCH and its recruitment to integrin adhesion sites (73) . The expression of the EGFP-PINCH LIM1-2 fragment in tracheal smooth muscle tissues inhibits the recruitment of the IPP complex to the membrane in response to ACh stimulation and prevents the association of ILK with ␤-integrins (71). In addition, the kinase-inactive ILK mutant, ILK S343A, was expressed in airway smooth muscle tissues to evaluate the role of ILK activation in regulating the mechanosensitive expression of SmMHC. The amino acid residue serine 343 within the ILK activation loop is required for ILK activity and for PKB/Akt phosphorylation (40, 55) .
The effects of these mutants on the tissues were compared with that of the kinase-inactive Akt mutant, HA-Akt1-AAA (K179A, T308A, S473A) (3, 14) . Muscle tissues transfected with plasmids encoding PINCH LIM 1-2, ILK S343A, HAAkt1-AAA, and sham-treated muscles were incubated for 2 days to allow for expression of the recombinant proteins and then subjected to high load or low load for 6 h. The expression of EGFP-PINCH LIM1-2 and EGFP-ILK S343A were confirmed by immunoprecipitating recombinant proteins by use of anti-EGFP antibody and then immunoblotting immunoprecipitates for PINCH and ILK (Fig. 3B) . HA-Akt1-AAA expression was confirmed by immunoblotting extracts from muscle tissues by use of anti-HA antibody. Expression of PINCH LIM 1-2, ILK S343A, or kinase-inactive HA-Akt1-AAA all significantly suppressed the activation of Akt and significantly potentiated the expression of SmMHC in muscles subjected to low load (Fig. 3) . However, there was no significant effect of these treatments on muscles subjected to a high load. These results suggest that transduction of mechanical signals that regulate Akt activation and the expression of SmMHC protein in airway smooth muscle tissues is mediated by the IPP complex and requires ILK activity.
Stimulation of tracheal smooth muscle tissues with IL-13 decreases mechanosensitive SmMHC expression by activating
Akt. The effect of the inflammatory cytokine, IL-13, on the mechanosensitive expression of SmMHC protein was evaluated in tracheal smooth muscle tissues by stimulating tissues with IL-13 for 6 h while subjecting them to low and high mechanical loads (Fig. 4) . Treatment of muscle tissues with IL-13 significantly inhibited expression of SmMHC protein and significantly increased Akt activation in tissues subjected to both low and high loads (Fig. 4) . These results suggest that IL-13 inhibits the mechanosensitive expression of SmMHC protein in airway smooth muscle tissues.
The IPP complex is required for IL-13-induced suppression of mechanosensitive SmMHC expression. The role of the IPP complex and ILK in the regulation of the IL-13 induced suppression of SmMHC was evaluated by expressing the PINCH LIM1-2 peptide in airway smooth muscle tissues to inhibit IPP and ILK localization at integrin adhesion junctions. (Fig. 5) . Expression of the PINCH LIM1-2 protein significantly inhibited the mechanosensitivity of IL-13 induced Akt activation and suppression of SmMHC protein expression in tracheal smooth muscle tissues (Fig. 5) . These results suggest that the activation Akt and suppression of SmMHC induced by IL-13 stimulation are also mediated by the IPP complex and ILK and suggest that IL-13 stimulation induces signals that modulate activation of the mechanosensitive ILK/PI3-kinase/ Akt signaling pathway.
DISCUSSION
The results of this study demonstrate that mechanical loading of intact airway smooth muscle tissues is necessary to stimulate the expression of the smooth muscle contractile protein, SmMHC. This suggests that mechanical loading enhances expression of the contractile phenotype. We further demonstrate that the transduction of mechanical stimuli to signals that regulate smooth muscle phenotypic protein expression is mediated by adhesion junction proteins that localize to membrane integrin complexes in smooth muscle cells, suggesting that the mechanical signals that regulate airway smooth muscle phenotype are sensed primarily by integrin proteins. We also observed that the stimulation of airway smooth muscle with the inflammatory mediator, IL-13, suppresses the mechanically induced expression of SmMHC. These results suggest that airway inflammation may interfere directly with signals from cell adhesion contacts that maintain the differentiated state of the airway muscle tissue and that this may be a mechanism by which the phenotype of the muscle can be altered under pathophysiological conditions.
We found that the membrane localization of the IPP complex, a heterotrimeric complex of ILK, PINCH, and ␣-parvin that binds to the cytoplasmic domains of ␤-integrins, is essential for the transduction of mechanical signals to downstream pathways that regulate SmMHC expression. Mechanical signals transduced by the IPP complex inversely regulate the activity of PI3-kinase-dependent Akt: the imposition of mechanical load inhibits Akt activation, resulting in an increase in SmMHC expression, whereas a reduction in imposed load increases Akt activation, causing the inhibition of SmMHC expression. The inflammatory mediator IL-13 stimulates the activation of Akt; this suppresses the expression of SmMHC in muscles subjected to higher mechanical loads because it overcomes the suppression of Akt activity induced by mechanical loading. We previously showed that Akt activity inhibits the translocation of the transcriptional regulator, SRF, to the nucleus, which is required for the transcription of SmMHC and other smooth muscle phenotype-specific proteins (68) (Fig. 6) .
The IPP complex resides both in the cytoplasm and at the membrane of mammalian cell types and is recruited to ␤-integrin-containing adhesion junctions in response to a variety of external stimuli (63) . At these sites, it binds to the cytoplasmic domain of ␤-integrin proteins and to actin filaments and thereby links integrin proteins to downstream pathways that regulate multiple cell functions. The expression of a PINCH fragment that contains the ILK binding site inhibits PINCH-ILK and thereby disrupts the recruitment of the IPP complex to cell matrix contact sites (73) . We previously demonstrated that the expression of PINCH LIM 1-2 peptides in airway smooth muscle inhibits the recruitment of the IPP complex to membrane adhesion junctions in airway smooth muscle during contractile stimulation, and we found that this inhibits tension development (71) . Our present observations indicate that the membrane localization of the IPP complex is necessary for the signal transduction pathway that regulates mechanosensitive protein transcription. These observations provide strong evidence that ␤-integrins and the signaling proteins that associate with them are the primary transducers of mechanical signals that regulate phenotypic protein expression in airway smooth muscle.
We previously reported that the activation of Akt inhibits the nuclear translocation of the transcriptional regulator SRF in airway smooth muscle and thereby inhibits the expression of SmMHC, calponin, and Sm22␣ (68) . SRF binds to CARG boxes in the promoter regions of a number of smooth muscle specific genes to regulate their transcription (34) . Thus our results describe a signaling pathway that provides a direct link between integrin receptors and nuclear signaling pathways that regulate the transcription of genes critical for maintaining the differentiation state of smooth muscle cells and tissues. The activation of the cytoskeletal signaling proteins paxillin and focal adhesion kinase are also sensitive to mechanical forces imposed on airway smooth muscle (51, 52) . These proteins are critical in the regulation of cytoskeletal organization, actin dynamics, and contractility in airway smooth muscle (24, 70) . Because paxillin binds directly to ILK, it is likely that the IPP complex also regulates the mechanosensitivity of these proteins, suggesting that this complex may play a primary role in the transduction of extracellular mechanical stimuli to multiple downstream pathways that regulate the contractile function as well as the phenotype of airway smooth muscle.
Previous studies have shown that PINCH and ILK are required for optimal activation of Akt (15, 16, 40, 55) . ILK has been shown to directly phosphorylate Akt on Ser 473, which is required for full Akt activation (40) . In canine tracheal muscle tissues, the depletion of ILK protein decreases activation of Akt and increases the expression of SmMHC, whereas the overexpression of ILK protein inhibits the expression of SmMHC (68) . To evaluate the specific role of ILK kinase activity in the mechanotransduction process, we expressed a kinase-inactive mutant of ILK, ILK S343A (40, 55) in the tracheal muscle tissues and compared its effects to that of the PINCH LIM 1-2 mutant and to a kinase-inactive HA-Akt1-AAA mutant. The expression of ILK S343A inhibited the activation of Akt at low mechanical loads and prevented the mechanosensitive modulation of Akt activity and SmMHC expression. These effects were similar to those of the PINCH LIM 1-2 mutant and the kinase-inactive HA-Akt1-AAA mutant. This suggests that ILK kinase activity is important for the regulation of the transduction of mechanical stimuli in airway smooth muscle.
There are conflicting reports regarding the effects of mechanical strain on smooth muscle differentiation. In several studies of cultured vascular and airway smooth muscle cells, the imposition of cyclic mechanical strain has been reported to stimulate the expression of phenotype-specific markers proteins (41, 49, 54) . Mechanical strain has also been reported to induce the differentiation of murine embryonic stem cells to vascular smooth muscle cells (47) . However, Wang et al. (61) reported that 48 h of cyclical strain imposed on canine tracheal myocytes inhibited the transcriptional activity of Sm22 and SmMHC promoters and that PLC-dependent signaling pathways played a role in the signaling pathways. A few studies have also evaluated effects of mechanical forces on the expression of phenotype-specific marker proteins in differentiated smooth muscle tissues. Exposure of rat mesenteric microvessels to elevated pressure and circumferential wall strain results in enhanced coverage by mature, fully differentiated smooth muscle cells and increased expression of ␣-SMA and SmMHC (58) . Stretch of intact rat portal veins increased the rate of synthesis of SM22␣, calponin, and ␣-actin through a Rhoassociated kinase (ROCK) pathway (2) . Contractile stimulation of tracheal muscle tissues with carbachol-induced transcription of the SmMHC A isoform in tissues maintained at a slack length (60) . This effect did not occur in muscles subjected to sinusoidal length oscillation, which may have competed with or disrupted the mechanical stimulus induced by contraction with carbachol. These studies are consistent with the concept that signaling pathways elicited by mechanical tension or strain are fundamental for the differentiation of smooth muscle tissues and for maintenance of the differentiated state.
Akt has been implicated in the regulation of the transcription and translation of phenotypic marker proteins in both airway and vascular smooth muscle cells and tissues and in the regulation of rat aortic smooth muscle cell phenotype (7, 25, 28) . We previously found that the activation of Akt inhibits SRF localization to the nucleus and prevents gene transcription in tracheal smooth muscle tissues (68) , which is consistent with previous observations in rat aortic smooth muscle cells (28) . Akt activation has also been reported to increase the expression of SmMHC in airway smooth muscle by stimulating ribosomal translation through its downstream targets, mammalian target of rapamycin (mTOR), and p70 ribosomal S6 kinase (5, 25) . Our results suggest that the inhibitory effect of mechanical strain on integrin signaling to Akt and the consequent activation of SmMHC gene transcription is the predominant effect in airway smooth muscle tissues.
We found that IL-13 activated the PI3-kinase substrate, Akt in airway smooth muscle tissues. Il-13 stimulates the activation of PI3-kinase via the PI3-kinase-binding proteins, insulin receptor substrate (IRS)-1 and IRS-2, which are recruited the IL-4␣ chain of the IL-13 receptor heterodimers in response to IL-13 stimulation (27) . The PI3-kinase-dependent activation of Akt by IL-13 has been previously reported in airway smooth muscle (13) as well as in other cell types, including intestinal goblet cells (62) and dermal fibroblasts (36) . We also found that IL-13 stimulation suppressed the expression of SmMHC. This effect of IL-13 is predictable from our findings that Akt activation inhibits the transcription and expression of SmMHC and other smooth muscle phenotype-specific proteins (68) .
The incubation of airway smooth muscle cells or tissues with IL-13 increases the airway smooth muscle responsiveness to contractile agonists and has been suggested as a mediator of airway hyperresponsiveness in asthma (1, 8, 12, 19, 37, 48, 64) . IL-13 has direct effects on the signaling pathways that regulate airway smooth muscle contractility (37, 44) ; however, it is not known whether these effects are responsible for the IL-13-induced augmented contractility. Although the suppression of expression of the contractile phenotype-specific proteins by IL-13 would seem to be counterintuitive to its known effects on airway muscle responsiveness, the functional effects of such alterations in protein expression on airway smooth muscle contractility are unknown. The effects of IL-13 on cellular signaling pathways that regulate contractility and/or on airway smooth muscle cell proliferation (42) may enhance airway smooth muscle contractility even while contractile protein expression is suppressed.
In conclusion, our results suggest an important role for integrin receptors in transducing effects of mechanical signals to downstream pathways that regulate the phenotype of airway smooth muscle tissues. We find that the integrin-associated IPP complex, and specifically the integrin-binding protein ILK, plays a central role in the mechanotransduction process. Inflammatory mediators such as IL-13 suppress signaling pathways that stimulate the differentiated state of airway smooth muscle and may thereby alter the functions of the muscle under pathophysiological conditions. As signals activated by mechanical stress and IL-13 converge on the same signaling pathway to oppositely regulate the expression of phenotypic marker proteins in intact airway smooth muscle tissues; mechanical strain may suppress phenotypic changes in smooth muscle function stimulated by inflammation. Our findings provide insights into the mechanisms contributing to the regulation of the differentiated state of airway smooth muscle tissue by mechanical forces and suggest a mechanism for the alterations of airway smooth muscle phenotype and function in the pathogenesis of inflammatory airway diseases such as asthma.
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